Introduction
Glucose 6-phosphate (glucose 6-P) is the first intermediate in the metabolism of glucose by glycolysis, glycogen synthesis and the pentose phosphate pathway, and the final intermediate during production of glucose by gluconeogenesis or glycogenolysis. In addition to its role as a pathway intermediate, glucose 6-P is an allosteric regulator of hexokinases [l] , glycogen synthase [2] and phosphorylase [3] , and it determines the phosphorylation state of glycogen synthase by making the enzyme a better substrate for synthase phosphatase [4] . Glucose 6-P has been implicated in the control of gene transcription. Glucose metabolism regulates the transcription of several genes that encode proteins involved in glycolysis and lipogenesis [S] . Glucose 6-P is thought to be one of the metabolites of glucose involved in this mechanism [S] .
In liver cells the total content of glucose 6-P is about 0.1 m M in basal conditions [6-81. T h e net content reflects the balance between the rates of production by glucose phosphorylation, glycogenolysis and gluconeogenesis and the rates of utilization by glycogen synthesis, glycolysis, the pentose phosphate pathway and glucose-6-phosphatase. I t is increased by overexpression of glucokinase [9] and inhibition of glycolysis [lo] or glucose-6-phosphatase at the level of the glucose 6-P translocator (p46) [ l l ] and decreased by overexpression of the catalytic subunit of glucose-6-phosphatase [12] . The effect of administration of glucose on the total hepatic glucose 6-P content is dependent on the metabolic state. In fed mice glucose causes either a decrease in glucose 6-P or a biphasic change [7, 8] . The transient increase is presumed to be the time necessary for activation of glycogen synthase and glycolysis. The increased flux through these pathways would then account for the decline in concentration. Studies in vitro using isolated hepatocytes generally show a sustained increase in glucose 6-P during incubation, with an elevated glucose concentration [S] . Some of the enzymes involved in glucose metabolism show varying degrees of subcellular compartmentation. Glucokinase translocates between the nucleus and the cytoplasm of the hepatocyte in response to an increase in the concentration of glucose or of fructose 1 -phosphate (fructose 1 -P), and this is associated with dissociation from its inhibitory protein [13-151. Translocation of glucokinase by precursors of fructose 1-P is associated with an increase in the hepatocyte content of glucose 6-P [16] .
Methods are not currently available for measurement of glucose 6-P in different subcellular compartments and studies investigating the role of glucose 6-P in the regulation of enzyme activity or gene expression are based on measurement of the total cell glucose 6-P content [16-191. There remains a long-standing debate on whether there are multiple pools of glucose 6-P. Given the central role of glucose 6-P as an intermediate of several pathways and a regulator of enzyme activity and gene expression the question of whether there is a single or multiple pools of this metabolite is central to understanding its role in the integration of metabolism. This review discusses the evidence for subcellular compartmentation of glucose 6-P that has been interpreted as indicating the existence of multiple pools. The available data can also be interpreted in terms of channelling of glucose 6-P in multiple pathways with leakage of this intermediate from the channels into a free pool.
Evidence for multiple glucose 6-P pools in liver and muscle based on radiolabelling studies
Early studies on the conversion of [14C]glucose to 14C0, and [14C]glycogen in liver homogenates showed that addition of hexokinase increased the conversion to 14C0, but not to glycogen, whereas addition of glucose 6-P decreased the conversion to 14C0, but stimulated the conversion to glycogen [20, 21] . It was concluded that glucose 6-P is not an intermediate in the conversion of glucose to glycogen. Similar conclusions were drawn from other studies on muscle and liver homogenates [22, 23] . Landau and Simms [24] tested the possibility of two separate pools of glucose 6-P by incubating muscle diaphragm with either ["C]-glucose or [14C]glucose 6-P and determining the ratio of label incorporation into glycogen/lactate. They found a higher ratio with [14C]glucose compared with [14C]glucose 6-P, and concluded that glycogen is synthesized from a glucose 6-P pool to which glucose has greater access than exogenous glucose 6-P. They assumed that uptake of exogenous glucose 6-P by muscle was rapid relative to metabolism, but could not exclude the possibility that exogenous glucose 6-P was metabolized primarily by anoxic tissue, which would account for the higher incorporation into lactate. They concluded that their data could be explained either by the conversion of glucose to glycogen via a pathway not involving glucose 6-P or by the existence of multiple glucose 6-P pools. In response to several reports claiming conversion of glucose to glycogen by a pathway not involving glucose 6-P Hue and Hers [27] re-evaluated the pathway by which glucose is converted to glycogen and showed that glucose cannot be converted to glucose 1 -phosphate (glucose 1-P) without its prior conversion to glucose 6-P.
A somewhat more convincing case for multiple glucose 6-P pools emerged from studies of the time course of total labelling and specific radioactivity of glucose 6-P and intermediates of glycogen synthesis and glycolysis, following administration of ['4C] glucose [28, 29] . Das and colleagues [28] determined the time course of total labelling and specific radioactivity of glucose 6-P, glucose 1-P and UDP-glucose in liver following administration of ['4C]glucose or ['4C]bicarbonate. They showed greater total labelling of glucose 1 -P compared with glucose 6-P at early time points but, conversely, greater labelling of the glucose 6-P pool at later time points. T h e changes in specific activity over the time course showed a rapid rise in glucose 1 -P, which reached a plateau, a slightly delayed increase in UDP-glucose, which also reached a plateau, and a progressive increase in the specific activity of glucose 6-P, which could be interpreted as the slow labelling of a 'second' glucose 6-P pool. They obtained similar results [28] using ['"C]bicarbonate to label the glucose 6-P derived by gluconeogenesis and concluded that the higher specific activity of glucose I-P relative to glucose 6-P can be explained by two glucose 6-P pools, one involved in gluconeogenesis and glycogen synthesis and the other involved in glycolysis. Similar results, showing a higher specific activity of glucose 1-P compared with glucose 6-P, were obtained in a study of hepatocyte suspensions and monolayer cultures [30] . T h e ratio of the specific radioactivity of glucose 1 -P to glucose 6-P following incubation with [14C]glucose or ['4C]fructose was between 2-and 4-fold. It was suggested that glucose 6-P derived by phosphorylation of glucose does not mix rapidly with that derived from other sources. A surprising finding in this study was that a lower specific activity of glucose 6-P relative to glucose 1 -P was also observed in liver cell homogenates [30] .
A study on rat diaphragm comparing the specific activity of glucose 6-P with intermediates of glycolysis following incubation with ['4C]glucose or [14C]pyruvate showed a lower specific activity of glucose 6-P compared with fructose 6-phosphate (fructose 6-P), fructose 1,6-bisphosphate and phosphoenolpyruvate [31] . This was taken as evidence for two or more glucose 6-P pools. Since the specific activity of phosphoglyceric acids was also lower than for the other 0 2002 Biochemical Society glycolytic intermediates measured it was suggested that there is also more than one pool of phosphoglyceric acid. Christ and Jungermann [32] showed using filipin-permeabilized hepatocyte monolayers that conversion of [14C]glycogen to glucose could not be inhibited by dilution with exogenous glucose 6-P and also that hydrolysis of exogenous ["C]-glucose 6-P to glucose was not inhibited by endogenous glycogenolysis. They concluded that there are two distinct mutually inaccessible pools of glucose 6-P involved in glycogenolysis and gluconeogenesis and questioned the validity of the determination of total cellular glucose 6-P concentration for the purpose of estimation of the flux through glucose-6-phosphatase.
An alternative model: channelling of metabolic flux and leakage of glucose 6-P from the channels into a single bulk phase or free pool T h e studies showing a lower specific activity of glucose 6-P compared with other intermediates of glycogen synthesis and glycolysis following incubation with labelled precursors were interpreted in terms of multiple glucose 6-P pools. It may be inferred therefore that measurement of total glucose 6-P in a cell extract is not appropriate for investigating the relationship between this intermediate and control of enzyme activity or metabolic flux. Nonetheless, such measurements have been and still are used widely to investigate the relationship between glucose 6-P and the activation state of glycogen synthase [17] , changes in fructose 2,6-bisphosphate [16] and the regulation of gene expression [18] . An alternative model to explain the slower increase in specific activity of glucose 6-P compared with other intermediates would involve channelling of flux through metabolic pathways of glycolysis, gluconeogenesis and glycogen synthesis with leakage of glucose 6-P from the channels into a single free glucose 6-P pool. If this hypothesis were correct then activation of an enzyme such as glycogen synthase by the bulk glucose 6-P pool would be independent of whether glucose 6-P in the free pool was derived from glucose or from gluconeogenesis. T h e demonstration that the activation state of glycogen synthase [17] and also the regulation of gene expression [ 181 correlate with the measured glucose 6-P content irrespective of whether glucose 6-P is derived from glucose or from gluconeogenesis is consistent with this model. Lynch and Paul [33] showed using vascular smooth muscle (porcine carotid artery) that, under aerobic conditions, endogenous glycogen is metabolized primarily via mitochondria1 oxidation of pyruvate whereas exogenous glucose in the same experimental conditions is metabolized largely to lactate. Based on the measured specific activity of the [14C]lactate formed during incubation with ['4C]glucose it was inferred that there is negligible mixing of glycolytic intermediates derived from glycogen with intermediates derived from glucose. This was interpreted in terms of two separate compartments of glycolysis associated with exogenous glucose or endogenous glycogen, with minimal interchange of intermediates between the two compartments. When the specific activity of the glucose 6-P pool was determined during incubation with ['4C]glucose [34] this was found to reach a steady state after 30 min, corresponding to 83 yo of the specific activity of exogenous glucose in basal conditions. T h e specific activity of glucose 6-P decreased to 65 yo when glycogenolysis was stimulated by depolarization. These results were interpreted in terms of an intracellular pool of glucose 6-P that is not accessible to exogenous glucose [34] . However, an alternative explanation would be that the measured glucose 6-P represents the bulk phase which comprises leakage from channelled metabolites derived from labelled glucose and unlabelled glycogen to the extent that, at steady state, the specific activity represents the relative contributions of the two sources to the bulk phase.
Evidence for channelling of glycolysis
Studies on glycolysis up to the level of triose phosphate, determined from the detritiation of [3-3H]glucose, in a-toxin-permeabilized hepatocytes, showed that there was partial dilution of metabolism of exogenous glucose by addition of exogenous glucose 6-P but negligible dilution by addition of fructose 6-P or fructose 1,6-bisphosphate [35] . Permeability to the latter metabolite was inferred based on the stimulation of flux by exogenous fructose 2,6-bisphosphate. These results are suggestive of channelling of flux through glycolysis between glucokinase and aldolase with leakage of intermediates at the level of glucose 6-P but not of fructose 6-P or fructose 1,6-bisphosphate. A limitation of studies on permeabilized cells is that it is difficult to exclude the possibility that the rate of entry of the extracellular metabolite is slower than the rate of metabolism, such that the intracellular concentration is lower than the extracellular and that flux through the pathway is first order with respect to the intracellular metabolite concentration. However, since these studies were performed with extracellular concentrations of metabolites that were between 5 -and 10-fold the endogenous concentrations in basal conditions, this possibility seems unlikely.
Evidence for channelling of glycogen synthesis from studies with [2-3H]glucose
Tritium in the 2-position of glucose is lost as water in the reaction catalysed by phosphoglucoisomerase [36, 37] . T h e activity of phosphoglucoisomerase in most cells is several-fold higher than the hexokinase activity and the rate of detritiation of [2-3H]glucose is often used as an estimate of the rate of glucose phosphorylation. However, the detritiation is incomplete as a result of intramolecular transfer of tritium from C-2 to the C-1 of fructose [36] and also due to isotope discrimination to the extent that tritium loss is less than hydrogen exchange [37] . If there were a single glucose 6-P pool in equilibrium with fructose 6-P and if loss of tritium from position 2 of glucose were complete at the level of phosphoglucoisomerase, then no incorporation of 2-tritium into glycogen would be expected. Conversely, if there was tight channelling of intermediates in the conversion of glucose to glycogen, without equilibration of glucose 6-P with fructose 6-P, then incorporation of 2-tritium in glycogen would be complete. In practice, there is significant incorporation of 2-tritium into glycogen in liver cells in various conditions [38] . It can be assumed that if there was a single glucose 6-P pool and no channelling of intermediates, then the ratio of 3H/14C in glycogen relative to exogenous [2-3H,U-14C]-glucose would reflect the specific activity of the glucose 6-P pool [36, 37] . Katz and Rognstad [36] showed using isolated hepatocytes that the relative incorporation of 3H/14C into glycogen is markedly dependent on the incubation conditions. Fructose and sorbitol at concentrations of 10 m M inhibited the release of 3H as water by 50 yo but also caused total retention of tritium during incorporation of 3H/14C into glycogen. Since fructose 1-P produced during the metabolism of fructose and sorbitol inhibits phosphoglucoisomerase, the high incorporation of 3H into glycogen was attributed to the inhibition of phosphoglucoisomerase with a consequent increase in the specific activity of the glucose 6-P pool. The implicit assumption was that the ratio of 3H/14C incorporated into glycogen is equivalent to the specific activity of the glucose 6-P pool. However, this has not been demonstrated. An increase in the incorporation of 2-tritium into glycogen also occurs during incubation with micromolar concentrations of fructose, which stimulate rather than inhibit glycolysis, and with elevated glucose or insulin [39] . All these conditions are associated with translocation of glucokinase from the nucleus to the cytoplasm and with an increase in free glucokinase activity as a result of dissociation from the regulatory protein. Two explanations are possible for the increase in 3H/14C ratio resulting in nearcomplete retention of 2-tritium in glycogen in the combined presence of insulin and a high glucose concentration [39] . T h e first is that this is due to an increase in 3H-specific activity of glucose 6-P in the bulk phase [36, 37] as a result of the increase in activity of cytoplasmic glucokinase relative to phosphoglucoisomerase, resulting in decreased equilibration of glucose 6-P and fructose 6-P. The second is that treatment with these substrates causes a change in the subcellular compartmentation of glucokinase [39] and glycogen synthase [40], resulting in channelling of intermediates between glucose and glycogen, with minimal equilibration of glucose 6-P with the bulk phase. In the latter case the specific activity of 3H/14C in glycogen would be greater than in the free glucose 6-P pool. It should be possible to test for the former possibility by determination of the ratio of fructose 6-P/glucose 6-P in incubation conditions associated with the varying incorporation of 3H label from [2-3H]glucose into glycogen.
In summary, several studies have shown that during incubation with radiolabelled glucose or gluconeogenic substrates the specific activity of glucose 6-P increases more slowly and/or to a lesser maximal extent than for other intermediates of glycolysis and glycogen synthesis. This could be interpreted in terms of multiple glucose 6-P pools or in terms of channelling of flux through multiple pathways with slow leakage of glucose 6-P from the channels to a free pool. If the latter model is correct, then measurement of total glucose 6-P in whole-cell extracts is a valid approach for investigating the role of glucose 6-P as a regulator of enzyme activity and gene expression. 
Introduction
Since its introduction by Reder [l] , stoicheiometric analysis has become an essential tool for analysing metabolic systems prior to modelling their behaviour in the computer. It is incorporated into modern metabolic modelling programs such as Scamp [2], Gepasi [3, 4] and Jarnac [S] . The sort of problems that could not easily be analysed without knowledge of stoicheiometric constraints are exemplified by various general applications in biotechnology (e.g. and by powerful new methods of pathway analysis [9] that are helping to
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rationalize the results from genome sequencing. Nonetheless, the intensely algebraic nature of stoicheiometric analysis, which makes it barely feasible to attempt in other than a matrix representation, has caused it to remain apparently obscure and difficult, so that one may wonder whether the information that it provides is sufficiently useful to justify the effort needed to understand it. Here we illustrate how to detect a stoicheiometric constraint that could easily be overlooked in a casual inspection, in the context of as simple a model as we can devise without making it completely trivial and transparent.
Metabolic model
The model to be analysed is shown in Figure 1 . It is based on a model of glycolysis in Trypanosoma brucei that was found to obey a complicated stoicheiometric constraint [10, 11] that was unexpected and difficult to rationalize even after it had been recognized. For the present purpose we have simplified the original model by eliminating all characteristics that do not appear necessary for a non-intuitive stoicheiometric constraint to apply. The reservoir of hexose that acts as starting material for reaction 1 is shown in parentheses because its concentration is treated as being fixed independently of the metabolic system and does not enter into the stoicheiometric analysis, and the sinks that act as products of reactions 3 and 4 are left unspecified for the same reason (though the product of reaction 3 may be assumed to be different from the substrate of reaction 4).
For such analysis the model must be represented as a stoicheiometric matrix, as follows, where each column represents a reaction and each row initially represents the rate of change of an intermediate concentration :
